HIV initiates infection of target cells through a process of fusion between the viral envelope membrane and the cell plasma membrane at physiologic pH. The viral transmembrane (TM) 1 protein gp41 catalyzes this process through direct interaction with the target cell membrane and through conformational changes (see Figure 1 ) (1, 2) . gp41 is one of two subunits of the envelope (ENV) complex and is initially shrouded by the gp120 subunit on the virion surface ( Figure  1A ). The putative oligomerization state of ENV is a trimer with three gp41 and three gp120 subunits (3) . Activation of gp41 is triggered by sequential binding of gp120 to cell surface CD4 receptor (4) and coreceptor (5) which induces gp120 conformational changes. These changes allow the gp41 region outside the virus (ectodomain) to adopt an extended conformation (6, 7) and anchor into the target cell membrane via its N-terminal apolar fusion peptide (FP) region (8, 9) . This early exposed gp41 conformation is termed the prehairpin intermediate (PHI) ( Figure 1B) . At a later time in the fusion process, gp41 folds into a lower energy finalstate hairpin conformation ( Figure 1C ) (10) .
The gp41 ectodomain is comprised of FP, N-terminal heptad repeat (NHR), disulfide loop, C-terminal heptad repeat (CHR), and membrane proximal external region (MPER) ( Figures 1B and 2A) . Development of fusion models has relied on high-resolution structures of gp41 constructs in the hairpin conformation. These structures reveal compact sixhelix bundle (SHB) assembly of NHR and CHR regions whereby trimeric parallel coiled-coil NHR forms an internal core, and three CHR helices pack antiparallel into the hydrophobic coiled-coil grooves ( Figures 1C and 2D) (2, 11, 12) . No high-resolution data exist for FP, MPER, or loop regions of HIV gp41 in context of the folded SHB. The apolar FP region is essential to fusion because of its membrane insertion (8, 9) and oligomerization properties (13) . A critical gp41 fusion conformation, the exposed PHI, is targeted by exogenous NHR or CHR fragments which bind counterpart regions in viral PHI to reproduce hetero-SHB organization with consequent inhibition of viral fusion in a dominant negative manner (1) . Established clinical efficacy of a CHRderived fusion inhibitor underscores the importance of understanding the correlation between gp41 conformation and viral fusion (14) .
Predominant fusion models postulate that PHI to hairpin folding drives viral fusion by drawing viral and cell membranes into close proximity (1, 2) . Alternatively, there is some evidence that the process of membrane fusion is carried out primarily by gp41 in an earlier conformation prior to the final folded hairpin, implying a more central fusion role for the exposed PHI (10) . The specific roles of hairpin and PHI conformations toward gp41-directed membrane fusion are not clear. Comparative analysis of gp41 constructs modeling hairpin and PHI fusion conformations in model membrane fusion systems can help to elucidate their in ViVo fusion roles.
To understand which component and/or conformation of gp41 is involved in the actual steps of membrane merger, we analyzed the gp41 constructs termed FP34, N70, N47(L6)C39, and N70(L6)C39 (Figure 2 ) for global conformation and their ability to induce lipid mixing of large unilamellar vesicles (LUVs). FP34 represents the membraneinteracting N-terminal FP region of gp41. N70 is comprised of FP and NHR regions and reproduces the organization of the N-terminal half of the exposed PHI conformation (N-PHI) (15) , which is a key drug target ( Figures 1B and 2B ). N47(L6)C39 models the folded hairpin conformation, with the wild-type loop between NHR and CHR regions replaced by a minimal six-residue loop (L6) ( Figure 2D ), which does not affect SHB assembly (12) . N70(L6)C39 is identical to N47(L6)C39 but is extended N-terminally to include the FP and models the folded hairpin in context of the FP ( Figure  2C ). The results of this paper show that exposed regions of gp41 are primarily responsible for the steps of membrane merger. Folded gp41 SHB, with or without the FP region and lacking the native loop, is nonfusogenic at physiologic pH and inhibits fusion directed by exposed gp41 constructs (FP34 and N70). Our results are discussed in context of gp41-mediated HIV fusion.
EXPERIMENTAL PROCEDURES
Materials. Boc and Fmoc amino acids, Boc MBHA resin, and Fmoc rink amide MBHA resin were purchased from Novabiochem. S-Trityl--mercaptopropionic acid was purchased from Peptides International (Louisville, KY). Other reagents for peptide synthesis, TCEP (tris(2-carboxyethyl)phosphine hydrochloride), N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid (HEPES), and Triton X-100, were purchased from Sigma. N- 1, phosphatidylethanolamine (N-NBD-PE), N-(lissamine rhodamine B sulfonyl)phosphatidylethanolamine (N-Rh-PE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG), n-decyl -D-maltopyranoside (D-malt), and cholesterol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The micro bicinchoninic acid protein assay was obtained from Pierce (Rockford, IL). All other reagents were of analytical grade.
Peptide Synthesis. Synthetic peptide sequences are based on the HXB2 strain of HIV-1 ENV as follows: (a) FP34(linker) 512-545-(thioester), (b) FP23(linker) 512-534-(S534A)-(thioester), (c) FP34 512-545, and (d) N36(S546C) 546-581. FP34(linker) and N36(S546C), both used in the preparation of N70, as well as FP34 and FP23(linker) were prepared as described previously (15, 16) . Synthetic peptides were purified to ∼95% purity by reverse-phase highperformance liquid chromatography (RP-HPLC) on C18 or C4 semipreparative columns using a linear gradient between water/0.1% trifluoroacetic acid (TFA) and 10% water/90% acetonitrile/0.1% TFA. Purified peptides were lyophilized and stored at -20°C under argon. Peptide quantification to an accuracy of (6% was carried out using a bicinchoninic acid assay. Mass spectroscopy was used to confirm the mass of each purified peptide.
Protein Expression. The HIV-1 HXB2 strain ENV insert in a pAED4 plasmid was the template for engineering N47(L6)C39 DNA. Primers were designed to individually transcribe NHR (residues 535(M535C) to 581) and CHR (residues 628 to 666) segments, including codons for the SGGRGG minimal loop residues both on the C-terminal peptide end of the NHR and on the N-terminal peptide end of the CHR fragments as well as start and stop codons. Following PCR amplification and purification of NHR and CHR gene fragments, the two were hybridized through their common SGGRGG loop bases, and the N47(L6)C39 coding sequence was then amplified by PCR and purified. The N47(L6)C39 coding sequence was hybridized to a fragment from pET11a which includes T7 promoter and ribosome binding site, and this PCR-amplified and purified sequence was ligated into a pGEMt vector and transformed into BL-21 Escherichia coli cells. N47(L6)C39 was designed to be a minimal construct with SHB or equivalently hairpin structure lacking the FP region and with the native loop replaced by a minimal SGGRGG loop ( Figure 2D ). The lengths of NHR and CHR regions were selected considering both SHB stability and native chemical ligation (NCL) reaction requirements as follows: (a) Wild-type methionine at the N-terminus is mutated to cysteine (M535C) for the purpose of NCL. (b) The C-terminus of the NHR fragment and the N-terminus of the CHR fragment were selected to be complementary based on a crystal structure (11) . (c) Assuming fully helical NHR and CHR fragments in folded SHB assembly, the C-terminus of the CHR region was selected to complement the NHR fragment while leaving 2-3 residues at the N-terminus of the NHR fragment conformationally free to facilitate NCL at the N-terminal cysteine residue. Expression was done in BL-21 cells using the T7 expression system. Following bacteria growth, IPTG induction, and growth, the centrifuged cell pellet was lysed with glacial acetic acid. The supernatant was diluted to 10% acetic acid, filtered, and concentrated; then the N47(L6)C39 fragment was purified to ∼95% homogeneity by RP-HPLC using a C18 preparative column and a multistep gradient, followed by lyophilization and storage under argon at -20°C
. Mass spectroscopy confirmed the purified protein mass, and quantification was based on UV absorption at 280 nm.
NatiVe Chemical Ligation. N70 was prepared by ligating FP34(linker) with N36(S546C) as described previously (15) . The construct N70(L6)C39 was prepared in an identical manner by ligating FP23(linker) with N47(L6)C39, and it was designed to model the folded hairpin including the N-terminal FP region ( Figure 2C ). Ligation reactions were purified by RP-HPLC using a C4 semipreparative column and a linear gradient, with ligation product N70 or N70(L6)C39 eluting as a single isolated peak whose mass was confirmed by mass spectroscopy. N70(L6)C39 was refolded by dialysis into 10 or 20 mM formate buffer at pH 3.0 with 200 µM TCEP and stored at 4°C, while N70 was lyophilized and stored under argon at -20°C. Quantification was based on the bicinchoninic acid assay (N70) or UV absorption at 280 nm (N70(L6)C39).
Lipid Preparation. POPC:POPG:chol (8:2:5 molar ratio) LUVs with ∼100 nm diameter were prepared through extrusion as described previously in a 25 mM HEPES, pH 7.5, buffer and with total POPC + POPG + chol concentration of 225 µM (17) . This composition reflects (a) choline being the dominant headgroup of membranes of host cells of HIV and (b) the cholesterol and negatively charged headgroup content of these membranes (18) .
Lipid-Mixing Assay of Membrane Fusion. A fluorescence assay was used to probe gp41 construct-induced intervesicle lipid mixing, which is one feature of vesicle fusion (19) . The protocol for the assay has been previously described (20) . A Fluorolog-2 fluorometer was used to follow fluorescence changes in 1.2 mL LUVs under constant stirring at 37°C following addition of 7-130 µL aliquots of peptide/ protein solution. Peptide and protein samples were purified by HPLC and were either lyophilized or dialyzed extensively (minimal 10000:1 dilution) to remove acetonitrile that may affect the lipid mixing assay. The samples were of high purity (approximately 95%) based on both HPLC and electrospray mass spectroscopy analysis. Peptide/protein solutions were prepared with either (a) 40 µM peptide or protein in "buffer" that contained 10 mM formate and 200 µM TCEP at pH 3.0 or (b) 80 µM peptide or protein in "detergent" that contained 10 mM formate, 0.5% D-malt, and 200 µM TCEP at pH 3.0. Low pH was required to maintain solubility of N70(L6)C39. An aliquot of the protein solution was added to the LUV solution, and the final pH was 7.2-7.3 with maximal protein concentration of 4 µM. A small fraction of the LUVs was "labeled" with fluorescent and quenching lipids, and protein-induced fusion with unlabeled vesicles resulted in increased fluorophore-quencher distances and higher fluorescence. After addition of protein, the timeresolved change in fluorescence, ∆F(t), was measured, and then 12 µL of 10% Triton X-100 was added to completely solubilize the lipids and cholesterol, creating maximal separation between fluorophore and quencher phospholipids. The consequent maximum fluorescence change, ∆F max , was calculated as the difference between the fluorescence following addition of Triton and the initial LUV fluorescence (without protein). Small changes in fluorescence were observed upon addition of buffer or detergent alone to the LUV solution, and both ∆F(t) and ∆F max were corrected for changes due to buffer or detergent alone. The "% lipid mixing" or M(t) was calculated using M(t) ) ∆F(t)/∆F max × 100. All lipid mixing assays were repeated minimally in triplicate using different vesicle preparations and different batches of peptide and protein. For replicates using the same vesicle and protein or peptide preparations, the typical range of variation in the long-time value of M(t) was (2%. For different batches of the fusogenic peptide FP34, the maximum variation was (8%, and for N70, the maximum variation was (6%. These peptides always demonstrated a clear dose response, and the batch-to-batch variations may be due to differences in concentration of the hydrophobic peptides dissolved in aqueous solutions from lyophilized stocks.
Vesicle Enlargement. Protein-induced formation of larger vesicle bodies was qualitatively measured using transmission of visible radiation through the vesicle solution. Larger particles scatter more radiation and result in reduced absorbance. The assays were done with the same protein, lipid, and cholesterol concentrations and the same temperature as were used in the lipid mixing assays. A SpectraMax M2 microplate reader from Molecular Devices was used to measure the absorbance at 405 nm for a solution containing 200 µL of POPC:POPG:chol LUVs in 25 mM HEPES, pH 7.5, buffer. Aliquots of protein at 40 µM in buffer (22 µL) or at 80 µM in detergent (11 µL) were then added to the vesicle solution, and after 10 min incubation time, the absorbance at 405 nm was measured and the absorbance difference determined from subtraction of the vesicle-only value. All measurements were done in triplicate. For the FP34, N70, and N47(L6)C39 constructs, there was negligible change in absorbance at 405 nm when the protein was added to 25 mM HEPES, pH 7.5, buffer which did not contain LUVs.
Circular Dichroism (CD) Spectroscopy. Far-UV CD spectra were obtained at 37°C using a 0.1 cm path length cuvette for solutions that contained 20 µM protein in "buffer", i.e., 20 mM formate and 200 µM TCEP at pH 3.0, or 20 µM protein in "detergent", i.e., 20 mM formate, 0.5% D-malt, and 200 µM TCEP, pH 3.0. For near-UV spectra, protein concentrations were 40 µM in the same solutions, and spectra were recorded using a 1.0 cm path length cuvette at 25°C. Spectra were recorded on a Chirascan CD spectrometer (Applied Photophysics Limited, Leatherhead, U.K.) with 1 nm increments and 5 s averaging time for far-UV spectra and with 0.5 nm increments and 2 s averaging time for near-UV spectra. The signal of buffer or detergent was subtracted from the sample signal. Triplicate measurements were averaged for far-UV spectra of FP34 and for near-UV spectra of N47(L6)C39 and N70(L6)C39 samples because of low signal. Following spectral acquisition, thermal melts were recorded at 222 nm with 5°C steps and 1°C/ min ramp rate. The R-helical content was estimated from the CD signal at 222 nm with θ 222 ) -33000 deg cm 2 dmol
correlating with 100% helicity (15) .
RESULTS
The buffer pH was 3.0 rather than 7.4 to increase solubility of the FP-containing constructs and thereby attain the 40-80 µM stock protein concentration needed for the lipid mixing assay. All constructs were fully soluble at pH 3.0 as evidenced by transparent solutions and by no loss in protein concentration after centrifugation at 16000g. However, it is noted that, at pH 3.0, the FP region promotes formation of soluble aggregates of folded gp41 coiled coils and hairpin trimers (15) . To assess the effects of such aggregation, studies were also carried out with initial protein solubilization in detergent that contained nondenaturing D-malt with the idea that detergent would reduce protein aggregation.
In addition, the bicinchoninic acid assay was used to analyze the solubilities of the constructs in the final conditions of the lipid mixing assay minus vesicles, i.e., nominal protein concentration of 4 µM and pH 7.2. N70, FP34, and N47(L6)C39 were fully soluble under these conditions as evidenced by transparent solutions and no reduction in protein concentration after centrifugation at 16000g. These results were independent of the presence or absence of D-malt in the solution. N70(L6)C39 exhibited partial precipitation, and the final concentration in the supernatant after centrifugation was 0.5-1.0 µM where the range reflects the results from four trials. Figure 3 shows the kinetic lipid mixing traces following addition of gp41 constructs to POPC:POPG:chol vesicles. Extremely rapid lipid mixing is observed for N70 initially dissolved in either buffer or detergent ( Figure 3A+B ) and to a similar extent as previously reported for N70 predissolved in dimethyl sulfoxide (16) . In buffer, N70 is in equilibrium between discrete trimers and aggregates of trimers, and the driving forces for the two types of selfassociation are the coiled-coil NHR and the nonhelical FP region, respectively (15) . Detergent includes micellar nondenaturing D-malt for the purpose of dissolving peptide/ protein aggregation without denaturing folded structure. Thus, higher order aggregates of N70 trimers observed previously in buffer (15) do not appear to significantly affect fusion function.
The characteristic time for N70-induced lipid mixing appears to be comparable to or shorter than the 3-5 s dead time of the assay. The lipid mixing rate of N70 is therefore at least as fast as that of a chemically cross-linked FP trimer (17) , which supports a model that the most effective fusion is induced by small exposed FP oligomers (such as those formed by N70 or by cross-linked FPs) and less fusion is induced by large aggregates or monomers (17, 21) . While the final extent of lipid mixing induced by N70 is comparable whether N70 is initially dissolved in buffer or detergent ( Figure 3A,B) , visual comparison of the two data sets suggests that the fusion rate may be somewhat faster in detergent. An effort was made to fit the N70 data to the sum of two exponential buildup functions, but it was not possible to accurately determine the rate of the fast component. Figure 4 compares global secondary structure of gp41 constructs. N70 has significant R-helical content in buffer and detergent at 37°C as evidenced by the shape of the CD spectra and the minima at 208 and 222 nm. This is consistent with previous analysis of N70 in buffer at 25°C which revealed R-helical coiled-coil assembly in the NHR and nonhelical structure in the N-terminal FP region (15) . Relative to buffer, more negative θ 222 for N70 in detergent is consistent with additional R-helical structure (∼14 residues; see Table 1 ). This finding correlates with the NMR structure of a discrete FP fragment in both zwitterionic and negatively charged micellar detergent which revealed R-helical FP conformation (22) . N70 melts with a transition temperature of ∼45°C in buffer, and stabilization of N70 coiled-coil structure by detergent ( Figure 4A inset) correlates with R-helical structure promotion.
We attribute the slow fusion rate of FP34 in buffer ( Figure  3A ) to an initially unstructured form ( Figure 4B ) that may be aggregated since the FP region drives aggregation of otherwise monodisperse gp41 hairpins or trimeric NHR coiled coils at low pH (15) . In this model, significant aggregation of FP34 in solution decreases the effective concentration of membrane-interacting and -perturbing pep- tide surface (21, 23) . To reduce potential FP34 aggregation, FP34 was initially solubilized in detergent, and relative to solubilization in buffer, FP34 in detergent induces accelerated lipid mixing ( Figure 3B ). This acceleration correlates with an approximate 34% R-helical structure induction ( Figure  4B and Table 1 ) and may be due to dissolution of aggregates.
The N47(L6)C39 construct adopts nearly 100% R-helical secondary structure in buffer and detergent ( Figure 4C and Table 1 ) with high thermostability and no transition up to 100°C (Figure 4C inset) . These results are consistent with trimeric SHB structure stabilized by a leucine zipper formed from three molecules and correlate with earlier studies on closely related constructs, which include several highresolution crystal structures (12, 15, 24, 25) . Clore and coworkers showed that a similar construct which contains the native loop is strictly trimeric under the low pH conditions of 50 mM formate, pH 2.5 (26) . Furthermore, trimeric hairpins were observed in the high-resolution structure of the N45(L6)C36 construct crystallized at neutral pH (24) . This construct only differs from the N47(L6)C39 by truncation of two NHR residues and three CHR residues. Overall, these corollary data suggest that N47(L6)C39 is trimeric in buffer at pH 3.0 as well as physiologic pH. To further reduce the possibility of formation of aggregates of N47(L6)C39 trimers, comparative structure/function analyses were also carried out in detergent. The presence of D-malt does not affect the tertiary assembly of N47(L6)C39 based on the similar aromatic dichroism signal in either buffer or detergent ( Figure 5A ), indicating that D-malt is nondenaturing. In some contrast, sodium dodecyl sulfate detergent at micellar concentrations ablates gp41 aromatic dichroism which is consistent with disruption of tertiary structure and monomeric protein organization. The latter conclusion correlates with gel electrophoresis data in sodium dodecyl sulfate (27) . N47(L6)C39 is nonfusogenic ( Figure 3A,B) , and this result is independent of initial solubilization in buffer or detergent. This result is perhaps not surprising because N47(L6)C39 lacks the membrane-perturbing FP domain and highly thermostable gp41 hairpins do not disassemble in membranes (28) . Given the ability of detergents to dissolve protein aggregates and the fact that N47(L6)C39 is well folded in detergent ( Figure 5A ), the fusion incompetence of N47(L6)C39 is likely not correlated with protein aggregation.
Approximately 20 residues are nonhelical for N70(L6)C39 in buffer, which differs from the fully helical N47(L6)C39 by inclusion of the N-terminal 23 residues ( Figure 4C ,D and Table 1 ). This is consistent with nonhelical FP residues in N70(L6)C39 as shown for hairpins formed by the free peptides N70 and C34 (15) . N70(L6)C39 has a similar number of nonhelical residues in buffer as does N70, while in detergent both constructs have fewer nonhelical residues ( Figure 4A,D and Table 1 ). These data generally correlate with some fraction of nonhelical structure in the FP region of N70(L6)C39 in buffer and a smaller fraction in detergent (15) . In both buffer and detergent N70(L6)C39 is highly helical ( Figure 4D and Table 1 ) with high thermostability and no transition up to 100°C (Figure 4D inset) . These findings are qualitatively consistent with low-energy hairpin gp41 assembly, correlating with earlier studies on closely related constructs, which include several high-resolution crystal structures (12, 15, 24, 25) . Hairpin structure is confirmed for an analogous complex comprised of the free peptides N70 and C34 (15) . N70(L6)C39 was specifically designed to maintain covalent association between N-and C-helices by replacing the native loop with a minimal loop and includes a C-terminal five-residue extension in the C-helix region relative to the N70/C34 hairpin. These modifications are not expected to alter hairpin assembly but do significantly enhance thermal stability compared to the N70/C34 hairpin which melts with a transition temperature of 81°C (15) .
Because the FP region directs aggregation of N70/C34 hairpins in buffer (15), we expect a similar effect with N70(L6)C39, and therefore conducted comparative structure/ function analyses in detergent to dissolve aggregates expected to be present in buffer. Near-UV CD analysis indicates that N70(L6)C39 is well folded in both detergent and buffer ( Figure 5B ). Despite apparent hairpin assembly, N70(L6)C39 is nonfusogenic ( Figure 3A,B) ; i.e., inclusion of the FP does not increase lipid mixing beyond the basal level observed for N47(L6)C39. This is the result for initial N70(L6)C39 solubilization in either buffer or detergent, which indicates that FP-induced aggregation expected in buffer would not explain lack of fusion activity. Assuming N70(L6)C39 is well folded in low-energy hairpin conformation as the CD data qualitatively suggests, the most reasonable interpretation of the lipid mixing data is that the bulky charged hairpin domain interferes with the membrane-perturbing function of the FP domain.
We next tested fusion-defective N70(L6)C39 and N47(L6)C39 for their abilities to impede fusion directed by FP34. At 1:1.5 ratio of N70(L6)C39 to FP34 in buffer, lipid mixing by FP34 was effectively reduced by 9-fold due to N70(L6)C39 whether both constructs were initially premixed or added sequentially to vesicles (N70(L6)C39 followed by FP34, Figure 3C ). Active lipid mixing by FP34 was arrested by addition of N70(L6)C39 at the same ratio ( Figure 3C ). For this experiment, a control was also done that was addition of an aliquot of pure buffer rather than N70(L6)C39 in buffer to the FP34/vesicle solution. As expected, this buffer aliquot did not affect lipid mixing induced by FP34 (data not shown). A second control was addition of an aliquot of FP34 in buffer to the FP34/vesicle solution. This added FP34 increased lipid mixing with the expected dose response (data not shown).
FP constructs coassemble in membranes (21, 23, 29) . To test whether inhibition of FP34 is due to heteroassembly with the FP region of N70(L6)C39, the same experiments were carried out using N47(L6)C39 as the putative inhibitor. Very similar inhibitory effects were observed for N47(L6)C39 (data not shown). It is therefore unlikely that N70(L6)C39 inhibits FP34-induced fusion by direct FP interaction and suggests instead that the inhibition is due to the hairpin functionality. There are qualitatively similar effects when FP34 and N70(L6)C39 are initially solubilized in detergent ( Figure 3D ) with 5-fold reduction in lipid mixing extent when the two proteins are premixed and 2-fold reduction when N70(L6)C39 is added first followed by FP34. Relative to solubilization in buffer, the reduced inhibitory effects of N70(L6)C39 with solubilization in detergent are likely due to the faster intrinsic fusion rate of FP34 in detergent ( Figure  3A,B) . Relative to FP34, there are smaller inhibitory effects on N70-induced lipid mixing by N47(L6)C39 and N70(L6)C39, which correlate with very rapid N70-induced mixing (data not shown).
Because N70(L6)C39 exhibits partial precipitation in pH 7.2 solution without vesicles, lipid mixing was also probed after addition of small soluble aliquots of N70(L6)C39 in either buffer or detergent to the vesicle solution ( Figure 6A ). Each aliquot increased the N70(L6)C39 concentration by 0.5 µM, which was comparable to the N70(L6)C39 solubility at pH 7.2 without vesicles. Negligible lipid mixing was observed after each addition and correlated with the negligible mixing observed for a single large aliquot of N70(L6)C39 ( Figure 3A,B) . The same experiment was done with N70 and served as a positive control indicating that very small amounts (0.2 µM) of fusion active N70 generate a rapid and consistent lipid-mixing dose response. These results indicate that the lack of fusogenicity of N70(L6)C39 is not correlated with protein precipitation. Interestingly, N70 at concentrations up to at least 3.3 µM has been shown to induce rapid lipid mixing in a dose-dependent manner for vesicles in pH 7.4 phosphate-buffered saline solution (16) despite observation of minimal solubility of N70 (<0.2 µM) in pH 7.4 phosphate-buffered saline without vesicles (measured in the present study). Additional experiments were done to test the dose response of inhibition of FP34-induced lipid mixing by N70(L6)C39 ( Figure 6B ). Inhibition was clearly augmented with larger aliquots of N70(L6)C39 and was not obviously correlated with any increased precipitation at higher concentrations of N70(L6)C39.
Fusion protein interaction with vesicles may lead to larger vesicular bodies because of either vesicle fusion or vesicle aggregation without fusion (16) . These larger bodies will scatter visible light to a greater extent than the initial vesicles. Under the conditions of the lipid mixing assay, both N70 and FP34 induced an increase in vesicle particle size as evidenced by larger absorbance at 405 nm in samples with protein and vesicles relative to samples with vesicles alone. In some contrast, incubation of the vesicles with N47(L6)C39 initially in buffer or detergent resulted in an absorbance at 405 nm which, within experimental error, was the same as that observed with vesicles alone. N47(L6)C39 therefore induces neither aggregation of vesicles nor lipid mixing between these vesicles.
DISCUSSION
The key findings of the present work are as follows: (a) the minimal "FP-hairpin" N70(L6)C39 construct does not induce significant vesicle fusion; (b) both N70(L6)C39 and the "hairpin" N47(L6)C39 construct inhibit vesicle fusion induced by FP34 or N70; and (c) N70 trimers, which model exposed N-PHI organization (15) , induce rapid and extensive vesicle fusion. To accurately quantify the rapid lipid mixing rate of N70 in buffer and detergent, further studies on the millisecond time scale would be needed. The lack of activity of N70(L6)C39 was initially surprising because the protein appears to have stable hairpin structure and therefore trimeric FP topology. This topology has been associated with rapid vesicle fusion induced by chemically cross-linked FP trimers (17) , and the present results show that trimerization of the FP by the NHR coiled coil in N70 (15) is also correlated with extremely rapid vesicle fusion. The lack of fusion activity of N70(L6)C39 indicates that trimeric FP topology is not sufficient for fusion induction and that the fusogenic enhancement correlated with this topology can be counteracted by the hairpin region.
Although assembly of FPs from different molecules has been observed for membrane-associated FP34 and for membrane-associated N70 (29) , inhibition of FP34 lipid mixing by N70(L6)C39 is not due to heteroassembly of the apolar FP regions of both molecules. Similar inhibition of FP34-induced fusion by both N47(L6)C39 and N70(L6)C39 suggests instead that the hairpin region rather than the FP region is the source of inhibition. In addition, inhibition is observed when either N70(L6)C39 or N47(L6)C39 is first added to the vesicle solution followed by FP34. This suggests that the hairpin region interacts with the vesicles in a manner which reduces the membrane-perturbing effect of the FP. While membrane binding by folded gp41 constructs containing the native loop and lacking the FP has been shown for HIV (30) , and for well-defined SIV hairpin trimers (28) , the mechanism of fusion inhibition by hairpins is not clear and warrants further investigation.
The partial precipitation of N70(L6)C39 in pH 7.2 solutions without vesicles was not obviously correlated with the fusion properties of this construct. Negligible fusion was induced either after addition of small soluble aliquots or after addition of a single large aliquot. In addition, fusion inhibition by N70(L6)C39 showed a clear dose response, and similar inhibition was observed for both N70(L6)C39 and N47(L6)C39 with respective low and high solubilities at pH 7.2. Studies have also shown that vesicle fusion was induced by N70 and a 23-mer FP fragment even when these constructs were poorly soluble in the absence of vesicles (16, 31) .
The lack of activity of N70(L6)C39 is in stark contrast to the rapid vesicle fusion induced by N70 and may have biological relevance. In particular, during HIV/host cell fusion, the PHI gp41 conformation is formed prior to the hairpin conformation, and the hairpin is considered to be the final gp41 ectodomain structure during fusion (1, 2) . Cell-cell fusion experiments between cells expressing HIV ENV and those expressing CD4 and coreceptor indicate that gp41 exists in an exposed conformation (PHI) through the hemifusion (lipid mixing) and initial fusion pore formation (contents mixing) steps (10) . Although complete folding into hairpins occurs after initial pore formation, hairpins have been shown to play a role in fusion pore stabilization (10) . The lipid mixing assay of the present study is more closely aligned with hemifusion than with fusion pore formation so the rapid lipid mixing induced by the N-PHI construct, N70, and inhibition of lipid mixing by the hairpin constructs, N47(L6)C39 and N70(L6)C39, generally correlate with the cell-cell fusion results. Other data which correlate with these results are observations of vesicle fusion induced by a gp41 construct corresponding to the C-PHI or C-terminal half of the PHI (32) (see Figure 1B ) and membrane pore formation induced by N70 (33) . We qualify our hypothesis that final hairpin structure (represented by N70(L6)C39 and N47(L6)C39) arrests viral fusion with the caveat that both ectodomain constructs lack the C-terminal MPER region which is important in fusion (34) (35) (36) as well as the native loop region which may be involved in gp41 fusion (37) . Despite this caveat, our interpretation is supported by an earlier observation that constructs similar to N47(L6)C39 with stable hairpin structure inhibit cell-cell fusion (38) . Fusion inhibition by the final hairpin structure is also consistent with the reasonable view that host cell viability after completing the fusion process depends on arresting the plasma membrane perturbation induced by the FP.
These results on N70(L6)C39 are in some contrast to the rapid vesicle and cell-cell hemifusion at pH 5 induced by influenza virus fusion protein ectodomain constructs (39) (40) (41) . The low pH requirement correlates with endocytosis of the influenza virus and fusion occurring inside the endosome. Although structures of fragments of the ectodomains of the HIV and influenza virus fusion proteins both show a long trimeric NHR region, the influenza protein lacks a long CHR region (2, 24, 42) . The influenza virus ectodomain-induced vesicle fusion might therefore be more analogous with N70 which has an exposed NHR region than with N70(L6)C39 for which much of the NHR is covered by the CHR.
In conclusion, we find that trimeric FP assembly in context of N70 induces rapid and extensive vesicle fusion, which correlates with the ability of the PHI of gp41 to direct processes of membrane fusion through the stage of pore formation (10) . The highly stable hairpin conformation abrogates the fusogenic capability of trimeric FP appendages, and nonfusogenic hairpin constructs interfere with the fusogenic function of FP and N-PHI constructs. These latter two findings correlate with a viral fusion role for folded hairpins that involves stabilization of fused bilayer structure (10) . the plate reader. The Mass Spectroscopy Facility at Michigan State University was used to carry out this research.
